The Journal of Neuroscience, March 15, 2003 - 23(6):2193-2202 * 2193

Mutant Huntingtin Causes Context-Dependent
Neurodegeneration in Mice with Huntington’s Disease

Zhao-Xue Yu, Shi-Hua Li, Joy Evans, Ajay Pillarisetti, He Li, and Xiao-Jiang Li

Department of Human Genetics, Emory University School of Medicine, Atlanta, Georgia 30322

Huntington’s disease (HD) mouse models that express N-terminal huntingtin fragments show rapid disease progression and have been
used for developing therapeutics. However, light microscopy reveals no significant neurodegeneration in these mice. It remains unclear
how mutant huntingtin induces neurodegeneration. Using caspase staining, terminal deoxynucleotidyl transferase-mediated biotinyl-
ated UTP nick end labeling, and electron microscopy, we observed that N171-82Q mice, which express the first 171 aa of mutant
huntingtin, displayed more degenerated neurons than did other HD mouse models. The neurodegeneration was also evidenced by
increased immunostaining for glial fibrillary acidic protein and ultrastructural features of apoptosis. R6/2 mice, which express exon 1 of
mutant huntingtin, showed dark, nonapoptotic neurons and degenerated mitochondria associated with mutant huntingtin. In HD repeat
knock-in mice (HdhCAG150), which express full-length mutant huntingtin, degenerated cytoplasmic organelles were found in both
axons and neuronal cell bodies in association with mutant huntingtin that was not labeled by an antibody to huntingtin amino acids
342-456. Transfection of cultured cells with mutant huntingtin revealed that an N-terminal huntingtin fragment (amino acids 1-208 plus
a 120 glutamine repeat) caused a greater increase in caspase activity than did exon 1 huntingtin and longer huntingtin fragments. These
results suggest that context-dependent neurodegeneration in HD may be mediated by different N-terminal huntingtin fragments. In

addition, this study has identified neurodegenerative markers for the evaluation of therapeutic treatments in HD mouse models.
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Introduction

Huntington’s disease (HD) is characterized by progressive neu-
rodegeneration that occurs primarily in the striatum and extends
to other brain regions as the disease progresses (Vonsattel et al.,
1985). These other regions include the cerebral cortex, hypothal-
amus, and brainstem (Cudkowicz and Kowall, 1990; Kremer et
al., 1990; Sotrel et al., 1993; Jackson et al., 1995). As a result,
patients with HD show progressive movement disorder, memory
loss, and psychiatric abnormalities until death (Harper, 1991).
However, the lack of well preserved postmortem human brain
tissue has been an obstacle to detailed characterization of neuro-
degeneration at the ultrastructural level and during the early
stages of HD.

Studies of several HD mouse models have confirmed that poly-
glutamine (Q) expansion in huntingtin causes neurological pheno-
types. HD transgenic mice expressing smaller N-terminal mutant
huntingtin (Davies et al., 1997; Schilling et al., 1999) develop more
progressive phenotypes than those expressing longer N-terminal
huntingtin (Laforet et al., 2001) or full-length mutant huntingtin
(Reddy et al., 1998; Hodgson et al., 1999). Of these HD transgenic
mice, R6/2 and N171-82Q mice have been extensively studied and
used for drug screens because of their rapid disease progression (An-
dreassen et al., 2001; Ferrante et al., 2002, Hockly et al., 2002; Keene
et al., 2002). R6/2 mice express the HD exon 1 protein containing
115-150Q, and N171-82Q mice express the first 171 aa with 82Q.
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Although these HD mice display severe phenotypes and early death,
usually at 3—6 months after birth, no prominent neurodegeneration
has been found in their brains. In contrast, HD transgenic mice
expressing full-length mutant huntingtin with a shorter repeat than
150Q or at a lower expression level than that of endogenous hun-
tingtin develop neurodegeneration despite their slow disease pro-
gression (Reddy et al, 1998; Hodgson et al., 1999). Because
N-terminal mutant huntingtin fragments are more toxic than full-
length mutant huntingtin (Hackam et al., 1998) and may accumu-
late in different subcellular sites to mediate cellular toxicity (Lunkes
et al,, 2002), it would be necessary to examine different HD mice
using more sensitive assays. Examination at the ultrastructural level
should reveal whether neurodegeneration in vivo is caused by full-
length huntingtin or its N-terminal fragments. Identification of spe-
cific neuropathological changes in various HD mouse models will
also help in evaluating the therapeutic effects of drugs on these
models.

In this study, we examined the neuropathology in various HD
mouse models including N171-82Q mice and HdhCAG150 mice,
which express 150Q in the endogenous mouse huntingtin (Lin et
al., 2001). With the antibody EM48, which sensitively detects
mutant huntingtin in the brain, we performed electron micros-
copy and found that N171-82Q mice had significantly more apo-
ptotic neurons than other HD mouse models examined. The re-
sults suggest that N-terminal huntingtin sequences may specify
different types of neuronal degeneration in HD and also provide
neurodegenerative markers for evaluating therapeutic effects on
HD mouse models.

Materials and Methods
HD mice. R6/1 and R6/2 mice [B6CBA-TgN (HDexonl)61 and 62],
which express exon 1 of the human mutant HD gene containing 115-150
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CAGs (Mangiarini et al., 1996), were obtained from The Jackson Laboratory
(Bar Harbor, ME). N171-82Q mice [B6C3F1/—TgN(HD82GIn)81Dbo],
which express the first 171 aa with 82 glutamines (Schilling et al., 1999), were
also obtained from The Jackson Laboratory. HD repeat knock-in mice
(HdhCAG150), which have a repeat length of 150 CAGs in the endogenous
mouse HD gene, were generated as described previously (Lin et al., 2001).
Breeding pairs of HdhCAG150 mice were provided by Dr. Peter Detloff
(University of Alabama, Birmingham, AL). All mice were bred and main-
tained in the animal facility at Emory University. The genotyping of trans-
genic mice was performed using methods described previously (Mangiarini
etal,, 1996; Schilling et al., 1999; Lin et al., 2001).

Antibodies. EM48, a rabbit polyclonal antibody against the N-terminal
region (amino acids 1-256) of human huntingtin, was generated during
our previous studies (Gutekunst etal., 1999). EM121 was generated using
glutathione-S-transferase fusion proteins containing amino acids 342—
456 of human huntingtin. Purified fusion proteins were used as antigens
for Covance Inc. (Denver, PA) to generate rabbit antisera. Other anti-
bodies used included a mouse monoclonal antibody against glial fibril-
lary acidic protein (GFAP; Chemicon, Temecula, CA) and a rabbit poly-
clonal antibody against the activated form of caspase-3 (Cell Signaling
Technology, Beverly, MA).

Light microscopy and terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling. Mice were anesthetized and then per-
fused intracardially with PBS, pH 7.2, for 30 sec, followed by 4% para-
formaldehyde in 0.1 M phosphate buffer (PB, pH 7.2). The brains were
removed, cryoprotected in 30% sucrose at 4°C, and sectioned at 40 um
using a freezing microtome. Free-floating sections were preblocked in
4% normal goat serum (NGS) in PBS, 0.1% Triton X-100, and avidin (10
pg/ml) and then incubated with huntingtin antibody at room tempera-
ture for 24 hr. For light microscopy, the immunoreactive product was
visualized with the avidin—biotin complex kit (ABC Elite; Vector Labo-
ratories, Burlingame, CA). Controls included brain sections from age-
matched wild-type mice.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling (TUNEL) was performed on brain sections using an in
situ cell death detection kit from Roche Molecular Biochemicals (India-
napolis, IN) according to the manufacturer’s instructions. After perfu-
sion with 4% paraformaldehyde, the mouse brain was cut into sections
using a microtome. The tissue sections were fixed with 4% paraformal-
dehyde in PBS and then treated with 0.3% Triton X-100 in PBS for 30
min. After washes with PBS, the sections were incubated with
fluorescein-12-dUTP and terminal transferase in the buffer provided
with the kit. Counterstaining with Nissl (cresyl violet) was also per-
formed to reveal the total number of neurons examined.

Quantification of GFAP- and TUNEL-positive cells. Light microscopic
graphs were taken using a Zeiss (Oberkochen, Germany) Axioskop 2
microscope connected to a Spot-RT digital camera (Diagnostic Instru-
ments, Sterling Heights, MI). All of the images were captured using the
same parameters and saved in a computer for analysis. Each group of HD
mouse models consisted of three to four mice. Every sixth brain section
(240 pm distance) of these mice was selected through the striatum or
cortex, providing six to eight sections for examining each mouse brain.
We adopted a grid stereologic method as reported previously (Manoon-
kitiwongsa et al., 2001) to measure GFAP staining of glial cell bodies and
processes. Briefly, all micrographs were taken at a magnification of 630X,
providing high-resolution images (53.62 X 38.1 cm or 1520 X 1080
pixels). Using Adobe Photoshop 5.0 software (Adobe Systems, San Jose,
CA), the images were adjusted at a threshold level of 128 so that GFAP
signals could be unambiguously identified. The adjusted images were
analyzed in a 5040 point grid in which points on the GFAP-labeled areas
were counted. The percentage of these points of the 5040 point grid in
each micrograph was used to represent the relative density of GFAP
labeling in glial cells and also used for comparison.

To count TUNEL-positive neurons and cells labeled by anti-caspase-3,
each micrograph (53.62 X 38.1 cm) at a magnification of 200X was
examined. The percentage of TUNEL-positive neurons of cresyl violet-
labeled cells was used for comparison. For each brain, six to eight ran-
domly selected sections were counted, and the mean * SD was obtained
from three mice for each group.
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Electron microscopic immunocytochemistry. For electron microscopy, mice
were fixed by perfusion with PBS containing 4% paraformaldehyde and
0.2% glutaraldehyde. After perfusion, the brain was removed, postfixed with
4% paraformaldehyde in PB for 6—8 hr, and then sectioned using a vi-
bratome. For immunogold labeling, brain sections were incubated with
EM48 in PBS containing 4% NGS for 24—48 hr at 4°C. After washes with
PBS, Fab fragments of goat anti-rabbit secondary antibodies (1:50) conju-
gated to 1.4 nm gold particles (Nanoprobes Inc., Stony Brook, NY) in PBS
with 4% NGS were added to the section and incubated overnight at 4°C.
After rinsing in PBS, sections were fixed again in 2% glutaraldehyde in PB for
1 hr, silver-intensified using the IntenSEM kit (Amersham Biosciences,
Buckinghamshire, UK), and osmicated in 1% OsO, in PB.

All sections used for electron microscopy were dehydrated in ascend-
ing concentrations of ethanol and propylene oxide/Eponate 12 (1:1) and
embedded in Eponate 12 (Ted Pella Inc., Redding, CA). Ultrathin sec-
tions (60 nm) were cut using a Leica Ultracut S ultramicrotome. Thin
sections were counterstained with 5% aqueous uranyl acetate for 5 min
followed by Reynolds lead citrate for 5 min and examined using a Hitachi
(Tokyo, Japan) H-7500 electron microscope.

Huntingtin transfection and Western blotting. PRK expression vectors
encoding the HD exon 1 protein containing 150Q (HD-exon 1), the first
208 aa of human huntingtin containing 23 (23Q-208) or 120 (120Q-208)
glutamine repeats, or truncated huntingtin [amino acids 1-508 (120Q-
508) and 1-945 (120Q-945)] with a 120 glutamine repeat were obtained
from our previous study and transfected into human embryonic kidney
(HEK) 293 cells (Gutekunst et al., 1999; H. Li et al., 2000). Transfected
cells were resuspended in PBS with a protease inhibitor mixture (1X,
P8340; Sigma, St. Louis, MO), PMSF (100 ug/ml), and 1% Triton X-100.
The cells were homogenized for 10 sec and centrifuged at 800 X g for 5
min at 4°C. The supernatant was used for Western blotting with an ECL
kit (Amersham Biosciences). Approximately 50 ug of protein was loaded
on each lane of the SDS gel.

Caspase activity and cell viability assays. Fluorometric assays of
caspase-3 and caspase-9 activity were performed using kits obtained
from Bio-Rad (Hercules, CA), as reported previously (Zhou et al., 2001).
Cultured HEK293 cells were transiently transfected with mutant hun-
tingtin or the PRK vector for 48 hr in six well plates. After washing with
PBS, the cells were lysed in lysis buffer containing (in mm): 10 Tris-HCI,
10 NaH,PO,/NaHPO,, pH 7.5, 130 NaCl, and 10 sodium pyrophos-
phate, as well as 1% Triton X-100. To measure caspase activity, 200 ul of
2X assay buffer containing (in mm): 40 PIPES, pH 7.2, 200 NaCl, 20
dithiothreitol, and 2 EDTA, as well as 0.2% w/v CHAPS and 20% sucrose
were added to a tube, with a final concentration of 10 ng/ul of the peptide
substrate (Ac-DEVD-AFCfor caspase-3 and LEHD-7-amino-4-trifluoro-
methyl cumarin for caspase-9). Cell lysates (40 ug of protein) were added
to the tube to start the reaction. When the caspase inhibitor (DEVD or
LEHD-fmk) was used to measure the specificity of the assay, it was added
to cell lysates at a concentration of 10 or 20 uM for 30 min before adding
the specific caspase substrate. The background was obtained with the
same assay buffer without cell lysate or substrate. The reaction was incu-
bated at 37°C for 1 hr, followed by measuring the cleaved caspase prod-
ucts with a fluorescence plate reader (Fluostar Galaxy; BMG Labtech-
nologies, Durham, NC) set at 460 nm excitation and 520 nm emission.

HEK293 cells were plated in six well dishes and transfected with 1 ug
per well of huntingtin constructs as described above. HEK293 cells trans-
fected with the PRK vector alone served as a control. After transfection
for 72 hr using Lipofectamine, the viability of the transfected cells was
then determined by a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTS) assay using a microplate reader
(SPECTRAmax Plus; Molecular Devices, Sunnyvale, CA) (S. H. Liet al,,
2000).

Statistical analysis. Statistical significance was assessed by using Stu-
dent’s t test and Sigma Plot 4.11 software, with p < 0.05 indicating
statistical significance.

Results

GFAP staining of HD mouse brain

Immunocytochemical staining of GFAP has been used to identify
reactive gliosis, an early marker of CNS damage in HD (Hedreen
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Figure 1. GFAP staining of HD mouse striatum. A, Brain striatal sections from N171-82Q (4
months old), age-matched control [wild type (WT), 4 months old], R6/2 (3 months old), and
HdhCAG150 knock-in (14 months old) mice were immunostained with an antibody against
GFAP. Increased GFAP immunoreactivity of astroglial cell bodies and their fibrous processes is
present in N171-82Q and HdhCAG150 mouse striatum. Scale bar, 84.6 m. B, Density of GFAP
staining in the striatum of different HD mouse models. The density was determined by counting
grid points containing GFAP immunoreactive signal in micrographs at 630X magnification.
Data are presented as the percentage (means == SD) of a 5040 point grid in each micrograph
and were obtained from three to four mice for each group. WT, Wild-type littermates (4 months
old) of the same strain as N171-82Q mice. *p << 0.05 and **p << 0.01 compared with WT.

and Folstein, 1995). We compared GFAP staining among differ-
ent HD mouse models, with a focus on the striatum because this
region is a primary site of injury in HD. The densities of GFAP
labeling in glial cell bodies and processes in these HD mice were
measured. Compared with age-matched wild-type mouse stria-
tum, N171-82Q mouse striatum showed a remarkable increase in
GFAP immunoreactivity, indicated by intense labeling through-
out astroglial cell bodies and their fibrous processes. The in-
creased GFAP staining was found in the brains of N171-82Q mice
at 3 months of age and became prominent at 4—-5 months of age
(Fig. 2A). The striatum of R6/2 mice at 12 weeks of age displayed
some glial cells with increased GFAP staining. However, the over-
all number of GFAP-labeled glial cells was not increased in R6/2
mice compared with that of their littermates or other HD mice.
We also examined R6/1 mice, which express the same exon 1
huntingtin but live longer than R6/2 mice. Even at 9 months of
age, there was still little GFAP staining in the striatum in R6/1
mice (data not shown). HdhCAG150 mice at 5-6 months of age
did not show intense GFAP immunoreactivity. A significant in-
crease in GFAP immunoreactivity was observed in the striatum of
HdhCAG150 mice at 14 months of age, as reported previously
(Linetal., 2001). However, this increase was not as great as that in
N171-82Q mice. Of the HD mice examined, N171-82Q mice
showed the strongest induction of GFAP in the striatum (Fig.
1B). The increased GFAP staining was also observed in other
brain regions in N171-82Q mice, including the cortex, hip-
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Figure 2.  Immunostaining of HD mouse striatum. A, The striatum of N171-82Q (4 months
old), HdhCAG150 knock-in (14 months old), R6/1 (8 months old), and R6/2 (3 months old) mice
were stained with EM48, which specifically reacts with mutant huntingtin and its aggregates.
Note that both nuclear inclusions and neuropil aggregates are present in all of the HD mouse
brains examined, although they are more abundant in R6/2 and R6/1 mice. B, The striatum of
HdhCAG150 was also labeled by the antibody EM121, which reacts with huntingtin amino acids
359—429. Only diffuse cytoplasmic staining was seen in HD mice, with a pattern similar to that
of the wild-type (WT) mice. Scale bar, 10.8 um.

pocampus, and hypothalamus (data not shown), suggesting that
N171-82Q mice have the most severe gliosis.

Expression of mutant huntingtin in HD mouse brain

To examine whether the increased GFAP immunoreactivity ob-
served is indeed associated with different types of mutant hun-
tingtin rather than the different expression levels of these trans-
genic proteins, we immunostained HD mouse brains with EM48,
an antibody that was generated with the first 256 aa of human
huntingtin (Gutekunst et al., 1999). It is apparent that R6/2 and
R6/1 mouse brains showed more intense EM48 immunoreactiv-
ity than the brains of N171-82Q mice and HdhCAG150 mice,
because more nuclear EM48 labeling and a greater density of
nuclear and neuropil aggregates were seen in R6/2 and R6/1
brains. Hdh150CAG mice at 14 months of age showed the weak-
est nuclear staining and the fewest nuclear or neuropil inclusions
in the brain (Fig. 2A). Despite the lower EM48 immunoreactivity
in their brains, both N171-82Q and HdhCAG150 mice had a
greater number of GFAP-positive cells than R6/2 and R6/1 mice
(Fig. 1), suggesting that the increased GFAP staining is more
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Figure3. (Caspase-3-activated neurons in N171-82Q mouse brain. The cortex of a wild-type
control mouse at 14 months of age ( A) and the striatum (B) and cortex (C) of N171-82Q mice at
4.5 months of age were stained with an antibody against the activated form of caspase-3.
Positively stained neurons (arrows) are present in the N171-82Q mouse brain regions. Inset,
High-magnification micrograph of a neuron containing activated caspase-3. Scale bars, 32 m.

related to the nature, not the quantity, of expressed mutant
huntingtin.

Because only small N-terminal huntingtin fragments are able
to form huntingtin inclusions in the nucleus and neuropil (Di-
Figlia et al., 1997; Gutekunst et al., 1999; H. Li et al., 2000), we
wanted to examine whether aggregates seen in HdhCAG150 mice
were formed by small N-terminal huntingtin fragments. To do
so0, we developed a rabbit antibody (EM121) against huntingtin
amino acids 342—456. This antibody reacted with diffuse hun-
tingtin in the cytoplasm of neurons. No aggregates or inclusions
were observed with EM121 in HdhCAG150 mice, suggesting that
huntingtin aggregates may be formed of N-terminal mutant hun-
tingtin smaller than the first 342 aa (Fig. 2 B).

Apoptotic neurons in N171-82Q mouse brain

Previous studies using hematoxylin and eosin and silver stains or
counting cell numbers did not reveal obvious neuronal loss in
N171-82Q or HdhCAG150 mice (Schilling et al., 1999; Lin et al.,
2001). We decided to examine HD mice with a more sensitive
assay that detects activated caspase-3, an executive molecule
whose cleavage and activation are involved in various apoptotic
pathways. We could not find any significant labeling of R6/2
mouse brains by the antibody against activated caspase-3. How-
ever, we observed a number of intensely labeled neurons in the
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Figure4.  TUNEL-positive neuronsin N171-82Q mouse brain. A, TUNEL of the cortex of N171-
82Q (5 months old), age-matched control (5 months old), R6/2 (12 weeks old), and Hdh150CAG
(14 months old) mice. The brain sections were also counterstained with cresyl violet (blue).
Arrows indicate TUNEL-positive neurons. The inset shows a high-magnification (630X ) image
in which a neuronal nucleus contains TUNEL-positive product. 8, Quantitative measurement of
the percentage of TUNEL-positive neurons in the cortex and striatum of HD mouse brains. The
total number of neurons was assessed by cresyl violet staining in each micrograph (200<).
N171-82Qmice attheage of 1.5,3,and 5 months were examined. The ages of other HD mice are
the same as those in A. K1, HdhCAG150 mice; WT, wild-type mice. *p << 0.05 and **p < 0.01
compared with wild-type control mice (n = 3—4).

striatum and cortex of N171-82Q mouse brains at 4.5 months of
age, but not in the brains of wild-type mice even at 14 months of
age (Fig. 3A-C). Similar positive neurons were also seen in the
hypothalamus and preoptic area, consistent with the widespread
expression of transgenic mutant huntingtin in the brains of
N171-82Q mice (data not shown). However, very few neurons
showed immunoreactivity for activated caspase-3 in Hdh-
CAG150 mice at 4 to 14 months of age (data not shown). The
increased immunostaining of neurons for activated caspase-3 ap-
peared to be specific to N171-82Q mice.

We also performed TUNEL to examine the relative percentage
of apoptotic neurons in different HD mouse brains. The result
showed that N171-82Q mice had the greatest number of TUNEL-
positive neurons compared with wild-type littermates, Hdh-
CAG150, and R6/2 mice (Fig. 4). TUNEL-labeled product was
found in the nucleus, reflecting a nuclear DNA strand break or an
apoptotic event (Fig. 4A). Furthermore, more TUNEL-positive
neurons in N171-82Q mice appeared as the animals became
older (Fig. 4B). This result is consistent with the progression of
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Figure 6.  Dark neurons and degenerated mitochondria in R6/2 mice. A, B, Dark degenerat-
ing neurons, which do not have typical chromatin margination and nuclear fragmentation, are
present in an R6/2 mouse at 3 months of age (A) and in an R6/1 mouse at 8 months of age (B).
A glial cell (gn) is also indicated. G, D, Degenerated mitochondria were observed in association
with EM48 immunogold particles in the brain cortex at 8 —10 weeks of age. Note that the
cytoplasmic swelling, vacuolization, enlargement, and condensation of mitochondria (arrows)
are associated with huntingtin immunogold particles. Degenerated mitochondria are also en-
closed in a lysosome-like structure (D). Scale bars: A, 4 um; B, 1.6 um, G, D, 0.3 m.

Electron microscopy showing degenerated neuronsin the cortex of N171-82Q mouse brain. 4, B, An apoptotic neuron
with condensed cytoplasm and abnormal nuclear shape showing margination and condensation of chromatin. Note that most
cytoplasmic organelles remain intact. The rectangular area in A is shown in B at higher magnification, indicating that the mito-
chondria (arrowhead) appear normal, whereas the nuclear membrane has chromatin margination (arrow). (, The nucleus of an
advanced stage of apoptosis showing chromatin condensation and fragmentation. D, A degenerating neuron with condensed
nuclear chromatin (arrow) and an increased number of dark cytoplasmic bodies resembling lysosomes (arrowheads). £, EM48
immunogold labeling showing that a neuron contains mutant huntingtin and its inclusion (arrow) in the nucleus. Note that this
neuron is undergoing early apoptosis, characterized by the disintegration of the nuclear membrane and mild chromatin margin-
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HD phenotypes in N171-82Q mice. The
cortex appeared to have more TUNEL-
positive neurons than the striatum, per-
haps because of the higher expression
level of the transgene in the cortex (Schill-
ing et al., 1999).

We then performed electron micros-
copy to provide ultrastructural evidence
for degenerating neurons in N171-82Q
mice. Electron microscopy of the cortex
frequently revealed degenerated neurons
with a number of apoptotic features. These
neurons showed an abnormal nuclear shape
with obvious chromatin margination and
condensation, which are features of apopto-
sis (Fig. 5A). The cytoplasm was mildly con-
densed, but most cytoplasmic organellar
structures remained intact (Fig. 5B). At a
more advanced stage of apoptosis, more
condensed chromatin or fragmented chro-
matin was seen in the nucleus (Fig. 5C). De-
generated and dark cytoplasmic bodies
were also seen in some neurons, and these
bodies were associated with the appear-
ance of chromatin condensation (Fig.
5D). These dark cytoplasmic bodies may
be degenerated lysosomal structures. We
also performed EM48 immunogold label-
ing. Mutant huntingtin and its inclusions
were not found frequently in neurons that
appeared to have reached a late stage of
apoptosis. However, in the neurons that
began to show nuclear chromatin margin-
ation and condensation or were undergoing early apoptosis, mu-
tant huntingtin and its inclusions could be observed in their nu-
clei (Fig. 5E). Similar ultrastructural signs of apoptosis were also
evident in the striatum and hypothalamus of the mutant mice,
but not in the brains of age-matched control mice (data not
shown), suggesting that apoptotic neurons are widely distributed
in the brains of N171-82Q mice.

Dark neurons and degenerated mitochondria in R6/2 mice
We could not identify typical apoptotic neurons in R6/2 mice
despite our extensive electron microscopic examination. How-
ever, quite a few dark neurons were found in the brains of these
mice, as reported previously (Turmaine et al., 2000). The degen-
eration profile of these neurons was apparently different from
that in N171-82Q mice. Dying neurons in R6/2 mice exhibited a
condensed cytoplasm and nucleus (Fig. 6A). However, these
darkened structures never showed membrane blebbing, chroma-
tin margination and fragmentation, apoptotic bodies, or other
apoptotic features. Dark neurons with similar ultrastructural ap-
pearance were also found in the striatum of R6/1 mice (Fig. 6 B).
In addition, degenerated mitochondria were observed in neu-
rons that showed normal nuclear and cytoplasmic appearance in
the brains of R6/2 mice. Mitochondrial degeneration was evident
by their swollen appearance, disintegration of double membrane
and internal cristas, and darkened internal structures (Fig. 6C,D).
Although similar degenerated mitochondria were also found in
N171-82Q and HdhCAG150 mice, degenerated mitochondria in
R6/2 mouse brains were more frequently associated with EM48
immunogold particles. These immunogold particles were either
clustered within the degenerating mitochondria or associated



2198 - J. Neurosci., March 15, 2003 - 23(6):2193-2202

with the surface of the mitochondrial
membrane. A recent study shows that
mutant huntingtin is associated with the
surface of mitochondrial membrane in
HD mouse brain (Panov et al., 2002). We
observed that mutant huntingtin could
also be trapped inside degenerated mito-
chondria, supporting the role of mutant
huntingtin in mitochondrial dysfunction
(Beal, 2000; Panov et al., 2002). Degener-
ating mitochondria were also often sur-
rounded by lysosomal structures (Fig.
6D), suggesting an advanced stage of de-
generation. Such degenerated mitochon-
dria were found more frequently in R6/2
mice that were >8 weeks of age. The iden-
tification of degenerated mitochondria
provides a pathological basis for the pro-
tective effects of drugs against mitochon-
drial toxicity in HD mice (Ferrante et al.,
2002).

Degenerated neurons and axons in
Hdh150CAG mice

In HdhCAG150 mice, very few degener-
ated neurons with typical apoptotic fea-
tures were seen under electron micros-
copy. However, neurons containing
degenerated structures in the cytoplasm
were frequently identified. These cyto-
plasmic structures, which often sur-
rounded vacuoles, might be derived from
lysosomes. However, their presence was not associated with ob-
vious nuclear condensation or blebbing of the cytoplasm. Neu-
rons containing the degenerated cytoplasmic organelles showed
huntingtin inclusions in their nucleus (Fig. 7A). High-
magnification micrographs showed that clusters of electron-
dense bodies surrounded a large number of small vacuoles. Some
of these dark bodies had a double membrane and visible internal
cristas (Fig. 7B, arrows), indicating a mitochondrial origin.
Other, darker structures might represent secondary lysosomes or
autolysosomes (Fig. 7B). Despite their unknown nature, these
degenerated structures were observed only in the HD brain and
not in the wild-type control mice.

Similar cytoplasmic degenerative structures were also found
in the brains of R6/2 mice. Some old HdhCAG150 mice (>14
months of age) showed very few dark degenerating neurons with
a profile similar to that in R6/2 mice (data not shown). Thus,
HdhCAG150 mice shared some pathological changes that were
found in N-terminal huntingtin transgenic mice. The more spe-
cific pathological change in HdhCAG150 mice might be of axonal
degeneration. Our previous studies revealed axonal degeneration
in 17- to 22-month-old HD knock-in mice that express 80 CAG
repeats (H. Li et al., 2000). We observed similar degenerating
axons in HdhCAG150 mice at an earlier age (14 months). These
degenerated axons were often surrounded by a disrupted myelin
structure. Although cross sections of axons might not always re-
veal mutant huntingtin within axons, we did find some cases in
which mutant huntingtin was associated with degenerated axons
(Fig. 7C-E). Mutant huntingtin was trapped or formed aggre-
gates in the degenerating myelin. Organelles within the degener-
ated axons appeared dark and swollen, with no clear membrane-
bound structures. However, their size and shape suggested that

Figure 7.
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Degenerated neurons and axons in Hdh150CAG knock-in mice. 4, B, Cytoplasmic organellar degeneration in Hdh-
CAGT50 mouse striatum. A, Several dark cytoplasmic organelles surround vacuoles (arrowheads). The nucleus that contains an
intranuclear inclusion (arrow) appears intact, without nuclear fragmentation or condensation. B, A high-magnification micro-
graph shows clusters of electron-dense bodies and dark lysosomal structures that surround many cytoplasmic vacuoles. Some of
these dense bodies show a mitochondrial origin with internal cristas (arrows). Others may represent secondary lysosomal bodies
(arrowheads). (—E, Various types of degenerating axons are present in the striatum of HdhCAG150 mice. Axons are surrounded by
disrupted myelin in which huntingtin aggregates (arrow) are trapped (C). Degenerated axons contain dark and swollen
organelles (D, £), probably derived from mitochondria (arrowheads in D). Scale bars: A, T um; B, 0.63 um; (, 0.42 um; D,

they might be derived from mitochondria. EM121 immunogold
labeling was unable to reveal any mutant huntingtin specifically
associated with degenerated myelin and axons in HdhCAG150
mouse brains (data not shown). Electron microscopic examina-
tion of R6/2 and N171-82Q mouse brains did not reveal such
obvious axonal degeneration. Thus, degenerated axons appear to
be associated with N-terminal mutant huntingtin smaller than
the first 342 aa and might occur only in aged HD mice.

N-terminal mutant huntingtin activates caspases differently
in transfected cells

The prominent apoptotic neurons in N171-82Q mice suggest
that different N-terminal huntingtin fragments may activate
caspases to different extents. To test this hypothesis, we examined
caspase activities in huntingtin-transfected cells that expressed
various N-terminal mutant huntingtin fragments containing
120-150Q [amino acids 1-67 (150Q-exon 1), 1-208 (120Q-
208), 1-508 (120Q-508), and 1-945 (120Q-945)]. Western blots
showed that these transfected huntingtin proteins were expressed
at similar levels (Fig. 8A). Only small N-terminal mutant hun-
tingtin fragments (150Q-exon 1 and 120Q-208) formed aggre-
gates that remained in the stacking gel. Consistent with other
studies (Hackam et al., 1998; S. H. Li et al., 2000), transient trans-
fection of small N-terminal huntingtin into non-neuronal cells
resulted in cytoplasmic localization of the majority of mutant
huntingtin and its aggregates (Fig. 8 B), allowing for comparison
of the cytoplasmic effects of transfected huntingtins containing
different protein contexts. To examine whether these transfected
proteins could activate caspase cascades, we first used fluoromet-
ric assays to measure caspase activity quantitatively. The mutant
N-terminal huntingtin (120Q-208) produced the greatest activity
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Figure 8. The effect of huntingtin context on the activation of caspases in transfected
HEK293 cells. A, Western blot showing the expression of transfected huntingtin containing
different protein sizes. The bracket indicates the stacking gel in which aggregated huntingtin is
present. B, Inmunofluorescence labeling of transfected HEK293 cells expressing 150Q-exon 1,
120Q-208, 120Q-508, and 120Q-945. (, Caspase-3 and caspase-9 activities of transfected cells
that expressed different huntingtin fragments as indicated. The data were obtained from the 48
hrtransfection of cells of three independent transfections and were presented as means == SEM
of control. The control is the activity of nontransfected cells. D, MTS assays of the viability of
huntingtin-transfected cells. The control is the viability of nontransfected cells. The data
(means = SD) were obtained from three to four transfections for 72 hr. *p << 0.05 and **p <
0.01 compared with the activity of the vector-transfected cells.

of caspase-3. HD exon 1 huntingtin (150Q-exon 1) also increased
caspase-3 activity, but the degree of this increase was less than
that of the larger N-terminal huntingtin (120Q-208). As the
length of N-terminal huntingtin was elongated further, caspase-3
activity decreased and became similar to that of vector transfec-
tion (Fig. 8C).

We also measured the activity of caspase-9, an upstream
caspase that is primarily activated by cytochrome ¢ and in turn
activates caspase-3. We saw that 120Q-208 could also increase the
activity of caspase-9 significantly (Fig. 8C), suggesting that this
increase may contribute to the higher activity of caspase-3 in
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these cells. Because caspase-3 is also activated by caspase-8 and
other apoptotic pathways, transfected mutant huntingtin that
did not significantly increase caspase-9 activity could trigger
other apoptotic pathways to increase caspase-3 activity. Previous
studies showed that the decreasing protein length of mutant hun-
tingtin could increase the cellular toxicity of transfected cells
in response to apoptotic stimulation (Hackam et al., 1999).
This idea was also supported by our cell viability assays that, by
measuring mitochondrial dysfunction caused by transfected hun-
tingtin, showed the most reduced viability in 120Q-208-transfected
cells (Fig. 8 D). 150Q-exon 1 or 120Q-508 transfection also reduced
cell viability, although its transfection had less of an effect than
120Q-208 transfection on caspase activity and cell viability.

Discussion

Our studies demonstrate that transgenic huntingtin containing
the first 171 aa with an expanded glutamine repeat (82Q) causes
apoptosis in the brain. However, expression of the shorter
N-terminal huntingtin (the HD exon 1) and the full-length mu-
tant huntingtin did not result in typical apoptotic neurons. In
vitro experiments using similar N-terminal huntingtin fragments
also showed increased caspase activity in transfected cells. In ad-
dition, axonal degeneration was frequently found in HD repeat
knock-in mice. Thus, mutant huntingtin may cause different
types of neurodegeneration in a context-dependent manner.

The different types of neurodegeneration seen in our studies
appear not to be dependent on the expression levels of transgenic
huntingtin or on having a very long polyglutamine tract. First, it
has been reported that in N171-82Q mice, the expression level of
the transgene is approximately one-third the level of endogenous
mouse huntingtin (Schilling et al., 1999). Immunostaining of
brain using EM48 also showed less huntingtin staining in N171-
82Q mice than in R6/2 mice. Second, the expression of mutant
huntingtin with a long repeat (150Q) in R6/2 and HD repeat
knock-in mice did not result in significant neurodegeneration.
Furthermore, transfection of various N-terminal huntingtin
fragments into cultured cells revealed that an N-terminal hun-
tingtin fragment (1-208), which is similar to the N171-82Q
transgenic protein, produced more caspase activity than the
smaller or longer huntingtin fragments. All of these results sug-
gest that N-terminal huntingtin sequences are important for var-
ious types of neurodegeneration.

The study of HHhCAG150 mice also suggests that N-terminal
mutant huntingtin causes neurodegeneration. It is known that in
HD repeat knock-in models, huntingtin aggregates are formed by
N-terminal mutant huntingtin and become prominent and
abundant as the mouse’s age increases (H. Li et al., 2000; Wheeler
et al, 2000), perhaps because the gradual accumulation of
N-terminal mutant huntingtin is required for the formation of
huntingtin aggregates. Consistent with that idea, degenerating
neurons and axons were found only in old HdhCAG150 mice.
More importantly, mutant huntingtin proteins associated with
the degeneration were not labeled by the antibody against
huntingtin amino acids 342—456, suggesting that they were
small N-terminal mutant huntingtin fragments. A recent study
shows that N-terminal huntingtin fragments generated from the
cleavage at amino acids 104—114 and 146214 are localized dif-
ferently in cells (Lunkes et al., 2002). It remains to be determined
whether the same N-terminal huntingtin fragments are present
in HdhCAG150 mice.

In addition to protein context, the toxicity of mutant hunting-
tin fragments is also determined by a number of variables. First,
polyglutamine length is certainly a primary determinant for cel-
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lular toxicity, because expanded polyglutamine repeats can in-
duce neurological phenotypes in transgenic mice (Ordway et al.,
1997) and apoptosis in cultured cells (Sanchez et al., 1999). Sec-
ond, cellular factors that remove huntingtin fragments could in-
hibit huntingtin toxicity. Of these factors, chaperones and pro-
teasomes prevent protein misfolding and degrade misfolded
polyglutamine proteins, respectively (Orr, 2001). Third, aging
may affect the function of these cellular factors and contribute to
the late-onset pathology in Hdh150CAG mice.

However, the protein context of huntingtin is likely to deter-
mine the specific types of cellular toxicity by its influence on
protein interactions or modulations. In support of this idea, a
number of proteins, including huntingtin-associated protein 1
and huntingtin-interacting protein 1, bind to N-terminal mutant
huntingtin, and their binding is altered by polyglutamine expan-
sion (Li et al., 1995; Kalchman et al., 1997). Interactions of hun-
tingtin with other proteins are important not only for the regu-
lation of the function of a protein but also for the subcellular
localization of huntingtin. N171-82Q may carry N-terminal hun-
tingtin sequences that confer pathological events more specific to
HD. In contrast, the exon 1 protein, which is shorter than other
transgenic huntingtins, is more likely to be translocated into the
nucleus. Its initial effects may primarily affect gene expression in
the nucleus, because a number of studies have shown that this
fragment produces a severe defect at the transcriptional level in
R6/2 mice (Cha et al., 1998; Luthi-Carter et al., 2002) and stably
transfected cells (Li et al, 1999). The smaller size of the
N-terminal region with a longer repeat confers a more misfolded
and aggregated state that can cause cellular toxicity via multiple
pathological pathways, such as recruiting caspases, inhibiting
proteasome function, increasing cellular stress, and affecting mi-
tochondrial function (Ona et al., 1999; Sanchez et al., 1999; S. H.
Lietal., 2000; Bence et al., 2001; Kouroku et al., 2002; Nishitoh et
al., 2002; Panov et al., 2002). A global transcriptional dysregula-
tion and multiple cytosolic effects mediated by exon 1 huntingtin
in the brain may give rise to a severe neurotoxic phenotype with-
out obvious apoptotic events before the animals die.

Although several previous studies were also unable to show
obvious apoptotic neurons in R6/2 mice (Iannicola et al., 2000;
Turmaine et al., 2000), others using different reagents and assays
reported that R6/2 mouse brain had an increase in the number of
TUNEL-positive cells (Keene et al., 2002) or caspase activity on
Western blots (Chen et al., 2000). It seems that the identification
of apoptotic events in HD mouse brains is also dependent on the
experimental conditions and reagents used. However, under the
same conditions, we found that N171-82Q mice had a greater
number of apoptotic neurons than other HD mice, supporting
the role of protein context in mediating neurodegeneration in
HD. The context-dependent cytotoxicity was also observed in
huntingtin-transfected cells in response to apoptotic stimulation
(Hackam et al., 1998, 1999). We have presented new data show-
ing context-dependent activation of caspases in huntingtin-
transfected cells, which is consistent with the role of huntingtin
context in different degrees of apoptosis in various HD mouse
models.

In HD repeat knock-in mice, a large repeat (150Q) appears to
facilitate disease progression, giving rise to more detectable neu-
rological phenotypes (Lin et al., 2001) and earlier occurrence of
neurodegeneration than those in HD repeat 80Q knock-in mice
(H. Li et al., 2000). In addition to protein context, aging may
contribute to certain types of neurodegeneration such as axonal
degeneration. The short life span of the mouse might prevent
obvious neurodegeneration from occurring, perhaps because the
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concentration of accumulated N-terminal huntingtin fragments
never becomes high enough to induce neurodegeneration. In
contrast, the expression of N171-80Q huntingtin results in more
apoptotic neurons than do other transgenic huntingtins. As the
length of huntingtin is reduced to exon 1 containing a large glu-
tamine repeat, polyglutamine-mediated and non-context-
dependent toxicity arises and becomes dominant. As N-terminal
huntingtin fragments become larger, they are less misfolded and
less toxic. Alternatively, larger huntingtin fragments may contain
the sequences that protect against huntingtin toxicity. For exam-
ple, a recent study has shown that phosphorylation of serine 421
of huntingtin is required for protecting against huntingtin toxic-
ity by IGF-1 (Humbert et al., 2002).

Full-length or other forms of mutant huntingtin may also be
pathogenic, because HdhCAG150 mice show neurological symp-
toms before the appearance of neurodegeneration and the forma-
tion of huntingtin aggregates (Lin et al., 2001; Menalled et al.,
2002). Neuronal dysfunction and toxicity can occur in the ab-
sence of neurodegeneration. Because neurodegeneration in the
brain provides an objective hallmark for HD, the study of its
relationship with mutant huntingtin in HD mouse models will be
especially helpful in uncovering the mechanisms of the neuropa-
thology of HD. Identification of the neurodegenerative markers
also helps with the evaluation of therapeutic effects of drugs on
HD mouse models.

The present study provides in vivo evidence that mutant hun-
tingtin induces different forms of neurodegeneration that are
dependent on protein context. Consistent with this, protein
context-dependent dysregulation of gene expression was re-
ported recently in HD transgenic mice (Chan et al., 2002). Con-
sidering that a number of N-terminal huntingtin fragments have
been found in vitro and in vivo (DiFiglia et al., 1997; Wellington et
al., 2000; Kim et al., 2001; Mende-Mueller et al., 2001; Gafni and
Ellerby 2002), it is likely that proteolysis produces a wide range of
N-terminal huntingtin fragments, each of which may mediate
specific forms of neuropathology. This may explain the various
types of neurodegeneration found in the brains of patients with
HD and HD animal models, including apoptotic neurons (Dra-
gunow et al., 1995; Portera-Cailliau et al., 1995; Thomas et al.,
1995) and nonapoptotic neurons (Turmaine et al., 2000). Inves-
tigation of the mechanisms by which these N-terminal sequences
confer specific forms of neurodegeneration would help us to un-
derstand the pathogenesis of HD and to develop effective thera-
peutic strategies.
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